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preface
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• theoretical uncertainties (EG. proton pdfs, scales μR, μF) often dominant 
systematic on many important physics processes at the LHC

• searches for new massive particles; Higgs; fundamental SM parameters (𝛂s, MW etc.)

• precision of data being matched by ever more sophisticated theoretical calcs. 
(at least NLO, and increasingly NNLO becomes available and also necessary)

• use cases, including usage of calculations in proton pdf fits, require running 
calculations many, many times with different pdfs, scales, 𝛂s, …

• practical usage limited due to long computation times (days, weeks, on large CPU farms)

• one solution: store perturbative coefficients of (N)NLO QCD calculations in 
look up tables / grids

• calculation needs to be run just 
• once in full, to store coefficients; 
• allows a posteriori convolution with any choice of pdf (and scales, 𝛂s, etc.)

fast a posteriori convolution typically takes of order milliseconds rather than weeks
typically reproduces original calculation to 10-4 – 10-5 accuracy



what is APPLGRID?
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APPLGRID: open source package to build library of C++ utility classes for performing 
fast convolutions

What is APPLgrid ?

• Can be used for fast cross section production with pre-existing grids 
• Arbitrary renormalisation and factorisation scale variation
• Arbitrary beam-energy rescaling

• Different PDF set for each target hadron

• Any number of multiplicative corrections can be stored and applied in the the grid
• Allows different input PDFs for each incoming hadron
• Can include photon density
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• APPLgrid is a fully open source package to build a library of C++ utility classes for performing fast convolutions 
with PDFs up to NNLO

• It uses a customised grid storage for reduced memory foot print  

• Interfaced to a range of calculations - NLOjet++, MCFM, Sherpa, aMC@NLO, NNLOJET … 

• Perform the full calculation once - store the weights, performa the convolution with PDFs                                    
afterwards in only a few milliseconds

• Current full featured development version

• applgrid-1.5.30

• Download from  https://applgrid.hepforge.org/downloads/applgrid-1.5.30.tgz
current full featured development version:

applgrid-1.5.39 
https://applgrid.hepforge.org/downloads/applgrid-1.5.39.tgz

interfaced to range of codes: 
NLOjet++, MCFM, Sherpa, aMC@NLO, NNLOJET 

allows fast reproduction of cross section 
calculations with pre-existing grids

• arbitrary pdfs; including allowing different 
pdfs for each target hadron

• arbitrary μR and μF scale variations
• any number of multiplicative corrections 

can be stored and applied
• can include photon density
• arbitrary beam energy rescaling 

(previously only √s scaling available)
• grid remapping; and conversion of 

fastNLO to APPLgrid format

https://applgrid.hepforge.org/downloads/applgrid-1.5.39.tgz


recap of numerical technique
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• For a calculation of a cross section from                          weights,        , from a Monte Carlo integration with 
momentum fraction       ,  form the product 

• Can interpolate the function                …

• such that 

• For a calculation of a cross section with  m = 1 .. N  weights, from a Monte Carlo integration with momentum 
transfer Q2  

q(xm) ⇡
X

i

q(i)I(i)(xm � x(i))

Recap of the Numerical Technique
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proton-proton collisions
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• For pp collisions need an extra dimension for the PDF of the second colliding hadron

• But there is an implicit summation over parton flavours. Make use of symmetries in the matrix elements to use a vector of    k = 1 … M  independent 
weights such that                             

• such that 

• Which can be placed on a grid in the same way as for DIS

• So from the summation, everything is down to the quality of the interpolation of the pdf at the grid nodes

• It is s pure quadrature technique and is not, in principle subject to statistical fluctuation, or put another way … 

• … each individual weight gets added to the grid, and should be well approximated individually

proton-proton Collisions

X

ij=q,q̄,g

wijq1i(x1)q2j(x2) =
MX

k=1

w(k)F (k)(x1, x2)
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everything is down to the quality of interpolation of the pdf at the grid nodes;
pure quadratic technique which is not, in principle, subject to statistical fluctuation, ie. each 
individual weight gets added to the grid, and should be well approximated individually



applgrid.hepforge.org
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EPJ C66 (2010) 503

https://applgrid.hepforge.org/
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-010-1255-0


recap: available processes at NLO
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• essentially all of  NLO QCD available with APPLGRID
(and fastNLO)

NB, much emphasis now on active development of 
APPLfast framework for use with NNLO calculations; 
common project with NNLOJET and fastNLO authors 
(see talk by K.Rabbertz, this conference)

ttbar

• currently available interfaces for:
• NLOJet++: jet production
• MCFM: electroweak boson, heavy flavour, V+Jet; plus 

generic interface for all remaining processes
• aMC@NLO: all fixed order NLO processes, using 

aMCfast, arXiv:1406.7693
• Sherpa: fixed NLO, using MCgrid, arXiv:1312.4460; 

plus native APPLGRID-Sherpa interface

APPLGRID development still nevertheless active …

https://fastnlo.hepforge.org/
https://arxiv.org/abs/1406.7693
https://arxiv.org/abs/1312.4460


photon induced processes
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ATLAS coll., arXiv:1606.01736

https://arxiv.org/abs/1606.01736


photon induced processes
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APPLGRID modifications to allow photon to be treated like any other parton
in the proton; currently use a modification of the lhaglue-type LHAPDF interface

Photon induced processes
• Modifications to allow the photon to be treated like any other parton in the proton

• Currently use a modification of the lhaglue type LHAPDF interface …

• Use native LHAPDF 6 calls with call to access photon density, in lhaglue type wrapper

• APPLgrid intrinsic lumi_pdf class allows additional parton - 7 or 22 for the photon, for example  …

• Subsequent plots, treat the photon induced as a separate process with it’s own grid containing just the PI contribution
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photon induced processes
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photon contribution to the proton
original implementation in APPLGRID private release, some 
time ago (S. Carrazza), EG. as used in arXiv:1712.07053

Photon induced 
processes

• Photon contribution to the 
proton 

• Original implementation in 
applgrid private release, 
some time ago 
• Now code fully 

implemented into main 
development branch …
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Photon induced 
processes

• Photon contribution to the 
proton 

• Original implementation in 
applgrid private release, 
some time ago 
• Now code fully 

implemented into main 
development branch …

7M Sutton - Recent developments in APPLgrid

  The XXVII International Workshop on DIS 2019, Torino, Italia, 2019

50 60 70 80 90 100 110 120 1300.9999

0.99992

0.99994

0.99996

0.99998

1

1.00002

1.00004

1.00006

1.00008

1.0001
Bin-Info for ObservableBin-Info for Observable

ra
tio

 ( 
ap

pl
gr

id
  /

 a
M

C
@

N
LO

 )

yZ
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

ra
tio

0.9999
0.99992
0.99994
0.99996
0.99998

1

1.00002
1.00004
1.00006
1.00008

1.0001

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02

0.022

Reference

Fast convolution

ra
tio

 (A
PP

LG
R

ID
 / 

aM
C

@
N

LO
)

Photon induced 
processes

• Photon contribution to the 
proton 

• Original implementation in 
applgrid private release, 
some time ago 
• Now code fully 

implemented into main 
development branch …
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APPLGRID photon LO for pp → ll

photon contribution

now code fully implemented into main development branch of APPLGRID

https://arxiv.org/abs/1712.07053


photon induced processes
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• photon induced contribution generally small, but can be several percent at large mass 
(c.f. HM DY measurement from ATLAS, arXiv:1606.01736)
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• Photon induced contribution is small, but can be several percent at high masses 
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photon induced processes
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• fast reproduction of the cross sections with different PDFs
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• Fast reproduction of the cross section with different PDFs
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• Fast reproduction of the cross section with different PDFs
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use for heavy ion collisions (etc.)
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• can perform a posteriori convolution using different pdfs for each target hadron

• can also vary beam energy                                                                            
independently for each beam

Use for Heavy Ion collisions …

11M Sutton - Recent developments in APPLgrid
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• Can perform the a posteriori convolution using a different PDF 
for each target hadron

• Can also vary the beam energy independently for each beam

p–p, Ep: 4 TeV

p–Pb, EPb: 568 TeV

p–Au, EAu: 287 TeV

NB, for illustration purposes only; should not in principle reweight 
to a larger beam energy, but only to lower, since needed phase 
space points could be missing in the original calculationUse for Heavy Ion collisions …
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4

(cf. previously, a √s scaling only was implemented)



grid remapping
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Grid remapping

• In principle can treat the weights on a grid at specific grid nodes exactly as if 
these were weights from the Vegas integration of an independent calculation

• Can fill the weights onto a new grid with different parameters - fewer, or 
more, grid nodes, different transform for x, and Q2, different scale etc

• Can be used to reduce size of grids, a posteriori determine the smallest 
grid size for any given required precision etc, also to rigorously combine 
bins, …

• Caveat: remapping will accumulate interpolation errors - but note that 
interpolation errors are usually small -  see later

• Implemented code to serialise fastNLO grids and remap to native APPLgrid 
format grids …
• Significant saving in grid file size and memory footprint due to custom 

APPLgrid sparse structure etc 

10M Sutton - Recent developments in APPLgrid
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jet PT

• in principle, can treat weights on a 
grid at specific grid nodes exactly as 
the weights from an independent 
calculation

• can fill the weights onto a new grid with 
different parameters: different number of 
grid nodes; different transform for x,Q2; 
different scales etc.

• can be used to reduce size of grids;      
a posteriori find the smallest grid size for 
any given required precision

• code implemented to remap fastNLO
tables to APPLGRID format   →

• significant saving in grid file size and                                                                               
memory footprint due to APPLGRID  
sparse structure etc.

closure from 
fastNLO to 

APPLGRID 
conversion
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grids for top production at NNLO
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• top cross sections at NNLO QCD 
available for some time from Czakon et 
al. in fastNLO format, arXiv:1704.08551

• http://www.precision.hep.phy.cam.ac.uk/ 
results/ttbar-fastnlo

• used in EG. ATLASepWZtop18fit,
ATL-PHYS-PUB-2018-017

(code is closed source; not possible to see 
how grid filling has been implemented)

these have now been converted to APPLGRID format 

https://arxiv.org/abs/1704.08551
http://www.precision.hep.phy.cam.ac.uk/results/ttbar-fastnlo
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-017/


grids for top production at NNLO
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Grids for top production at NNLO

• The top cross section at NNLO have for some time been available from Czakon 
et al in fastNLO format …

• http://www.precision.hep.phy.cam.ac.uk/results/ttbar-fastnlo

• The code to produce these grids is closed source - it is not possible to see how 
the grid filling has been implemented

• Some of these have now been converted to the APPLgrid format and are 
available from the ploughshare web site (or will be at some point)

• These can reproduce the original fastNLO tables to within single floating 
precision 
• NB: fastNLO tables stored in text format are only accurate to single 

floating precision (~ 7 sig figs) 

• With a small modification to the applgrid code, it would be possible to reproduce 
the fastNLO version II  tables exactly to double precision as we did in the past, 
with the fastNLO version I tables but we see no need.

1M Sutton - top grids in APPLgrid
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• APPLGRIDs able to reproduce fastNLO
tables to within single floating precision

• NB, fastNLO tables stored in text format are 
accurate only to single precision (~7s.f.)     
with small modification to APPLGRID code, would be 
possible to reproduce fastNLO tables exactly to double 
precision (as we have previously with v1), but we see 
no urgent need

• APPLGRIDs smaller, with reduced 
memory footprint and faster convolution

• not (primarily) due to APPLGRID format per se, but due 
to non-optimal implementation of grid filling in 
provided fastNLO tables; duplication of parton-parton
luminosities, EG at NLO, basic 11×11 used, but then 

duplicated by at least a factor of 2; fixed in 
APPLGRID versions

APPLGRIDs already available upon request, and on ploughshare soon…

closure from 
fastNLO to 

APPLGRID top grid 
conversion, with 

duplication issues 
fixed in 

APPLGRIDs
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ploughshare.web.cern.ch

• repository for download and, as a registered user, upload of grids (APPLgrid and fastNLO)

ploughshare.web.cern.ch

12C. Gwenlan - Recent developments with APPLfast - NNLO

      The XXVII International Workshop on DIS, Torino, Italy, April 2019

http://ploughshare.web.cern.ch/ploughshare/
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• APPLGRID project is increasingly mature

• emphasis now mostly looking towards development for use with NNLO QCD 
cross section calculations and interface with NNLOJET and fastNLO
(APPLfast project)

• APPLGRID development still nevertheless active, with desirable features 
still being added

• in discussion with developers from other packages, hope to move towards 
more standardised interfaces with other code

• always open to new suggestions or requests, especially if people are willing to 
contribute to the project

applgrid.hepforge.org

https://applgrid.hepforge.org/
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top parton luminosities at LO
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Top parton luminosities at LO

• Even the contributions at LO have needless duplication

• See the first 9 parton-parton luminosities are needlessly duplicated a second time

• In all grids these are duplicated at least twice - in some grids, they are even duplicated 4 times for no purpose

3M Sutton - top grids in APPLgrid

pdf : mass-ttbar-pT-t-slice-350.000000-550.000000-18-LO.config nprocesses: 18

0 0 (b̄, b̄) + (c̄, c̄) + (s̄, s̄) + (ū, ū) + (d̄, d̄) + (d, d) + (u, u) + (s, s) + (c, c) + (b, b)

1 1

(c̄, b̄) + (s̄, b̄) + (ū, b̄) + (d̄, b̄) + (b̄, c̄) + (s̄, c̄) + (ū, c̄) + (d̄, c̄) + (b̄, s̄) + (c̄, s̄) + (ū, s̄) + (d̄, s̄) + (b̄, ū) + (c̄, ū) + (s̄, ū) + (d̄, ū) + (b̄, d̄) + (c̄, d̄) +

(s̄, d̄) + (ū, d̄) + (u, d) + (s, d) + (c, d) + (b, d) + (d, u) + (s, u) + (c, u) + (b, u) + (d, s) + (u, s) + (c, s) + (b, s) + (d, c) + (u, c) + (s, c) + (b, c) + (d, b) +

(u, b) + (s, b) + (c, b)

2 2
(d, b̄) + (u, b̄) + (s, b̄) + (c, b̄) + (d, c̄) + (u, c̄) + (s, c̄) + (b, c̄) + (d, s̄) + (u, s̄) + (c, s̄) + (b, s̄) + (d, ū) + (s, ū) + (c, ū) + (b, ū) + (u, d̄) + (s, d̄) +

(c, d̄) + (b, d̄)
3 3 (b, b̄) + (c, c̄) + (s, s̄) + (u, ū) + (d, d̄)
4 4 (g, b̄) + (g, c̄) + (g, s̄) + (g, ū) + (g, d̄) + (g, d) + (g, u) + (g, s) + (g, c) + (g, b)

5 5
(b̄, d) + (c̄, d) + (s̄, d) + (ū, d) + (b̄, u) + (c̄, u) + (s̄, u) + (d̄, u) + (b̄, s) + (c̄, s) + (ū, s) + (d̄, s) + (b̄, c) + (s̄, c) + (ū, c) + (d̄, c) + (c̄, b) + (s̄, b) +

(ū, b) + (d̄, b)
6 6 (d̄, d) + (ū, u) + (s̄, s) + (c̄, c) + (b̄, b)
7 7 (b̄, g) + (c̄, g) + (s̄, g) + (ū, g) + (d̄, g) + (d, g) + (u, g) + (s, g) + (c, g) + (b, g)
8 8 (g, g)
9 9 (b̄, b̄) + (c̄, c̄) + (s̄, s̄) + (ū, ū) + (d̄, d̄) + (d, d) + (u, u) + (s, s) + (c, c) + (b, b)

10 10

(c̄, b̄) + (s̄, b̄) + (ū, b̄) + (d̄, b̄) + (b̄, c̄) + (s̄, c̄) + (ū, c̄) + (d̄, c̄) + (b̄, s̄) + (c̄, s̄) + (ū, s̄) + (d̄, s̄) + (b̄, ū) + (c̄, ū) + (s̄, ū) + (d̄, ū) + (b̄, d̄) + (c̄, d̄) +

(s̄, d̄) + (ū, d̄) + (u, d) + (s, d) + (c, d) + (b, d) + (d, u) + (s, u) + (c, u) + (b, u) + (d, s) + (u, s) + (c, s) + (b, s) + (d, c) + (u, c) + (s, c) + (b, c) + (d, b) +

(u, b) + (s, b) + (c, b)

11 11
(d, b̄) + (u, b̄) + (s, b̄) + (c, b̄) + (d, c̄) + (u, c̄) + (s, c̄) + (b, c̄) + (d, s̄) + (u, s̄) + (c, s̄) + (b, s̄) + (d, ū) + (s, ū) + (c, ū) + (b, ū) + (u, d̄) + (s, d̄) +

(c, d̄) + (b, d̄)
12 12 (b, b̄) + (c, c̄) + (s, s̄) + (u, ū) + (d, d̄)
13 13 (g, b̄) + (g, c̄) + (g, s̄) + (g, ū) + (g, d̄) + (g, d) + (g, u) + (g, s) + (g, c) + (g, b)

14 14
(b̄, d) + (c̄, d) + (s̄, d) + (ū, d) + (b̄, u) + (c̄, u) + (s̄, u) + (d̄, u) + (b̄, s) + (c̄, s) + (ū, s) + (d̄, s) + (b̄, c) + (s̄, c) + (ū, c) + (d̄, c) + (c̄, b) + (s̄, b) +

(ū, b) + (d̄, b)
15 15 (d̄, d) + (ū, u) + (s̄, s) + (c̄, c) + (b̄, b)
16 16 (b̄, g) + (c̄, g) + (s̄, g) + (ū, g) + (d̄, g) + (d, g) + (u, g) + (s, g) + (c, g) + (b, g)
17 17 (g, g)

1

as appearing in current fastNLO top grids (note duplications; fixed in APPLGRID conversions)
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Top parton luminosities continued 
• However the higher order terms are far worse …

4M Sutton - top grids in APPLgrid

• The first 9 processes are the same as the first 9 in the LO process, which are unecessary, since they then use the basic 121 
luminosities

• Some of the grids have 260 luminosities. For these, the entire 130 luminosities have been duplicated once again
• The top grids typically have only ~ 5 bins but are often as large as jet grids with over 30 bins (although at most only 30 parton 

luminosities)

as appearing in current fastNLO top grids (note duplications; fixed in APPLGRID conversions)
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arXiv:1712.07053

https://arxiv.org/abs/1712.07053
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